Experimental studies were conducted into the use of nanosecond scale voltage pulses in an inert gas for thermionic power conversion. These studies show that practical materials for the electrodes can provide a positive work function difference when operating in an inert gas environment. Using these materials it has been shown that significant power densities can be achieved. This method of thermionic power conversion has the potential to be applied to large scale, two dimensional surfaces in a way that has not been successfully implemented with conventional methodologies.
Introduction
The heat fluxes associated with surfaces within scramjets offer a substantial power source if appropriate multifunctional structural elements can be developed to exploit these fluxes. The direct thermionic conversion of heat to electricity carries the potential for use in such a multifunctional design. However, conventional thermionic converters require three temperatures for operation -a high temperature (~1500K) for the emitter, a lower temperature (~1000K) for the collector, and a third temperature (~570K) to control the cesium vapor pressure for the plasma in the interelectrode gap. The construction of large scale planar conversion surfaces is impractical while this cesium temperature control is necessary. Recent numerical studies by B. Pivtorak et al. [1] have indicated that the cesium plasma may be replaced by an inert gas plasma that is sustained via repetitive nanosecond scale voltage pulses. Experiments by B. Alderman et al. [2] also confirm the concept and show promise for the construction of large scale planar surfaces. The principal issue in the scheme of pulsed ionization in inert gases is the efficiency of auxiliary ionization: the ionization power budget must be substantially lower than the generated electric power. Here both the efficiency of electron-ion pair generation during the pulse [3] and the lifetime of the plasma are critical: if plasma decay is long enough, the repetition rate of ionizing pulses can be low, and the ionization power budget will be small. This paper further explores the experimental testing for thermionic power conversion using inert gas and nanosecond voltage pulses. Emitter and collector combinations are used that provide a true work function difference within an inert gas environment and the effect of pulse width on the peak current is examined.
Experimental setup
The thermionic emitters and collectors were housed within a high-vacuum, ConFlat cross with quartz view ports. The schematic of this housing is shown in Figure 1 . A photograph of the apparatus including the emitter and heating power supply is included in Figure 2 . High vacuum levels below 1x10 -7 torr were maintained within the chamber via a turbo pump (Kurt Lesker Model TSU071E). Connections were also provided to fill the chamber with high purity argon, xenon, or nitrogen.
The three types of electrode combinations tested are as follows:
1. Tungsten emitter and lanthanum hexaboride (LaB 6 ) collector -The plasma generated by the pulses in this configuration is shown Figure 3 . The tungsten emitter was a coil directly heated by half rectified AC power. The LaB 6 was a sintered disk supplied by Cerac.
2. LaB 6 emitter and barium tungsten dispenser cathode collector -The plasma generated by the pulses in this configuration is shown in Figure 4 . The temperatures of the emitter and collector plates are controlled via a Variac voltage transformation of AC current supplied to the heating coils. These plate temperatures are monitored via a handheld radiation thermometer (Omegascope OS3750) and confirmed with the design voltage-current profiles of the selected heating elements.
The pulser used in the experiments is a FID Technology 4 ns FWHM pulser capable of running with pulse repetition rate (PRR) of up to 100 KHz, and triggered by a ~10 V pulse from a Stanford Research Systems pulse generator. The peak output voltage of the pulser can be up to 10 kV using 3 separate 3 meter long 75 Ohm coaxial lines. However, in this experiment only one of the coaxial lines was used, and the output voltage was operated between 200V and 600V. The pulser was able to produce pulses of negative polarity only. This pulser design is further described and analyzed in [4, 5] .
Additionally, longer pulses were generated using a chopped signal from a DC power supply (Hewlett Packard 6428B) capable of producing output 0-15V in either polarity at currents of 0-45amps. The signal was pulsed though the use of a MOSFET (STMicroelectronics STP40NF10L) driven with the same pulse generator listed above. The circuit diagram is shown in Figure 5 .
Voltage and current data were monitored and recorded using a 3GHz oscilloscope (LeCroy Wavepro 7300A) and a 30 amp, 100MHz current probe (LeCroy CP031).
Tungsten Emitter Results
Experiments were conducted with a tungsten filament emitter as shown in the circuit diagram of Figure 6 . While temperatures on the order of 2,500 C are necessary to achieve significant current with a tungsten emitter, this test provided a ready means to establish a substantial work function difference when working with LaB 6 as the collector. The tungsten electrode has a work function of approximately 4.55eV while the LaB 6 is around 2.8eV. This allowed for the evaluation of conditions with a work function difference of 1.75eV. Figures 7-9 show an example of the performance of this system when operating under the following conditions.
Emitter Temperature: C Xenon Pressure:
1 torr Nanosecond Scale Pulse : 500V @ 50kHz Gap Width: 4mm
Figure 7 displays the resulting current as the voltage between the emitter and collector is swept up to a plateau of zero difference and back down. The sweep was necessary because the AC voltage applied across the tungsten filament also drove the current through the filament for heating. A diode limited the voltage between the electrodes to the negative half cycle. The key point to note within this graph is that current begins to rise at the point at which the direct heating of the emitter is still working against the flow of electrons. Figures 8&9 are both data from Figure 7 but "zoomed in" to view the points at which the voltage reaches zero and when it leaves zero respectively. These figures clearly show that the current is maintained against a negative bias voltage.
To further evaluate the actual output power achievable with this thermionic system, a series of resistors was installed into the loop to develop an actual demand within the circuit. These results were plotted on a voltage-current diagram along with the data collected without external resistors. Both of these data sets were compared against the theoretical optimum output in vacuum as predicted by the Richardson Equation.
for This comparison is displayed in Figure 10 and was based on the following operational parameters. The resistor loading test data shows results similar to what might be achieved with a conventional cesium diode system. However, the baseline current-voltage diagram, derived by monitoring both values during the voltage sweep through the emitter, results in positive current even against what would appear to be very substantial negative voltages. It is possible the inductive effects of the high heating currents passing through the tungsten filament are causing this apparent tail in the power curve (the emitter coil experiences peak currents on the order of 50 amps).
These experiments have shown the validity of the pulsed thermionic power conversion method. However, the temperatures required for operation with a tungsten emitter are not practical for most applications including those found within a scramjet. Therefore, further testing was performed with LaB 6 as a more practical emitter material.
LaB 6 Emitter Results
Initial testing was conducted with the LaB 6 emitter versus an LaB 6 collector with a standard 1.5V battery in the circuit to provide DC bias. Thereafter, the collector was replaced with a barium oxide tungsten dispenser cathode without the need for DC bias as this collector has a work function of approximately 2.0eV. As seen in Figure 11 , these tests not only showed that LaB 6 was a practical emitter in the inert gas environment but also demonstrated the validity of using DC bias to simulate a difference in work function.
While using the LaB 6 emitter and dispenser cathode collector, the Voltage-Current diagram shown in Figure 12 was developed. This was accomplished by installing various resistors into the external circuit and monitoring the associated current. From this figure one can derive true power outputs as well as confirm the effective work function difference of approximately 1eV between the LaB6 and the dispenser cathode. This 1eV difference is identified by the open circuit voltage indicated on the graph. The experimental parameters for these tests were as follows: For comparison purposes, the peak power outputs were evaluated at multiple emitter temperatures and then compared versus the theoretical ideal output as well as the experimental cesium converter results. [6] This comparison is shown in Figure 13 . The trends from this data indicate that a pulsed thermionic converter using an LaB 6 emitter has the potential to be competitive with cesium converters.
Pulse Width Effect
Tests using nanosecond scale pulses have shown positive power output; however, there have been no successful results with currents beyond approximately 1amp/cm 2 . In some cases this is only a small fraction of the available Richardson Current. An example of this discrepancy is shown in Figure 14 . This graph shows that the peak current achieved immediately after a 600V pulse is still more than an order of magnitude lower than what may be seen when applying a continuous 10.4V DC.
To evaluate the effect of the pulse width on the peak current output, a series of experiments were performed with signals of various widths. For this experiment the dispenser cathode was used as the emitter and a BaO coated nickel plate was used as the collector. The results are shown in Figure 15 . There is a clear trend of decreasing current with both decreasing pulse width and decreasing frequency of pulsing. This effect can possibly be explained by the inability of a single pulse to provide adequate ionization to cancel the negative space charge effect. Figure 16 shows the growth in peak current as successive 30 μsec pulses are applied. However, this growth in peak current is not seen with the nanosecond scale pulses. It is possible that these short pulses are not able to couple their energy into the plasma beyond a certain plasma density. Figure 17 compares the effect of nanosecond scale pulses with that of microsecond scale pulses and the combination of the two. It appears to confirm that the nanosecond scale pulses are not able to achieve ionization beyond a given point even while operating at much higher voltages than those used in the microsecond scale testing.
Conclusions
Experiments have shown that significant thermionic output currents can be achieved though ionization of inert gases via nanosecond scale voltage pulses. Electrodes with practical work function differences have been have been tested and shown to provide significant output power densities. However, current has been shown to be proportional to pulse width and frequency. It may be that this is due to the lack of sufficient ionization for the shorter pulses, or perhaps the ions are not be able to reach the emitter sheath within the necessary timeframe. Further investigations will be necessary to determine the optimum combination of pulse width and pulse voltage necessary for adequate ionization. Meanwhile, additional studies are being performed with a pulsed secondary emitter mounted between the two primary electrodes in order to decouple the ionization from the primary current. 
